We perform a full numerical characterisation of half-open cavity random DFB Raman fibre laser amplifier schemes for WDM transmission in terms of signal power variation, noise and nonlinear impairments, showcasing the excellent potential of this scheme to provide amplification for DWDM transmission with very low gain variation. 
Introduction
Demand for capacity in the optical communications network is ever growing, driven by the increasing requirements of internet-based technologies. The exponential increase of data traffic over the past decades has driven the development of multiple technologies capable of delivering higher capacities. However, as we approach the physical capacity limits of optical fiber, the need for higher optical-signal-to-noise (OSNR) requirements [1] becomes evident, and the current design of optical networks based on lumped amplification method (EDFA) will not be able to accommodate the less-noise resistant high level modulation formats required to handle the increased capacity needs in a single mode optical fibre [2] . Low noise distributed Raman amplification is now a well-established method that can overcome the limits set by EDFA and satisfy the bandwidth demand. In both long-haul [3, 4] and unrepeatered links [5, 6] , it offers a broader bandwidth of operation [7] and improved noise performance compared to lumped amplification [2] . In particular, higher-order pumping can minimise the signal power variation (SPV) and reduce the effective attenuation by pushing the gain farther into the span [8, 9] . Optimised bidirectional Raman pumping can provide the most uniform gain within the transmission span [10] reducing the ASE noise accumulation that results in high received OSNR. However, the unavailability of low RIN high power pumps makes forward pumping in higher order Raman amplifiers problematic due to the high relative intensity noise (RIN) transfer from the noisy Raman laser pumps that counterbalance the benefits of distributed bidirectional amplification in transmission links [11] .
A novel amplification scheme that uses a single fibre Bragg grating (FBG) at the end of the transmission span, forming an open cavity with random distributed feedback (DFB) lasing [12] allows for a form of bi-directional pumping that can significantly reduce the growth of amplified spontaneous emmission (ASE) noise [13] without suffering from elevated RIN transfer from the forward pumps [14] , becoming an efficient solution capable of extending the transmission distance for coherent data formats [4] . In this paper we characterise the performance and numerically optimise a random DFB Raman laser amplifier for different span lengths, FBG reflectivities and pumps powers. To the best of our knowledge, up to date this is the only experimentally verified high-order, bi-directional Raman configuration that can extend the reach of the coherent transmission beyond backward pumped Raman and EDFA based transmission systems in standard SMF fibre [4] , even relying on fibre laser pumps with high inherent RIN. The schematic design of the random DFB Raman laser amplifier is shown in Fig. 1 . To obtain 2 nd -order distributed amplification, Raman fibre laser pumps downshifted in wavelength by two Stokes shifts with respect to the wavelength of the signal, are placed at each end of the fibre. Instead of creating a closed cavity across the span length with a pair of FBGs, a single FBG centred at 1455 nm with a 200 GHz bandwidth is located at the end of the transmission line to reflect backscattered Rayleigh Stokes-shifted light from the backward pump at 1366 nm and form a random DFB laser acting as a 1 st order backward pump that amplifies the signal at 1555 nm. The lack of an FBG on the side of the forward pump significantly reduces the RIN transfer from the forward pump to the Stokes-shifted light at 1455 nm [14] at the cost of a reduction in the power efficiency conversion in comparison to the 1 st and 2 nd order Raman amplifiers with closed cavities. This is particularly important, as forward-pumping RIN transfer from inherently noisy high-power pumps can seriously degrade data transmission performance [11] . In this configuration, the forward pump at 1366 nm amplifies the backward propagating random DFB lasing at the frequency specified by the wavelength of the FBG.
Random DFB Raman laser amplifier
To simulate each spectral component in wave-division multiplexed (WDM) transmission using random DFB Raman amplification we use an extended model to the one presented in [10, 15] , that takes into account residual Raman gain from the primary pump at 1366 nm to the signal in the C-band, pump depletion from both pumps to the lower order pumps and the signal components, double Rayleigh scattering (DRS) and amplified spontaneous emission (ASE) noise for each of the signals, and separates the evolution of noise and signal components at the simulated channel frequencies in order to study the evolution of OSNR, so that the corresponding signal and noise power evolution at frequency ν can be described as:
where P denotes the power of a signal channel or pump, n is the average power of the noise, and (+) and (−) denote propagation in the forward and backward direction, respectively. Subscript S denotes the spectral component corresponds to the wavelength of a signal channel at frequency ν, whereas subscripts 1 and 2 correspond to the primary and secondary pumps at frequencies µ 1 and µ 2 respectively. α represents the attenuation of the fiber at its corresponding frequency, g R is the effective Raman gain coefficient from frequency µ to frequency ν, ε is the Rayleigh backscattering coefficient, ∆ν is the effective bandwidth, h is Plank's constant, K B is Boltzmann's constant and T is the absolute temperature. Single wavelength pumping may lead to strong Raman polarisation gain dependence in WDM transmission [16] . In this instance, simulations are performed at room temperature with the assumption that Raman pumps at 1366 nm and lasing at the frequency of the FBG are fully depolarised. The noise was calculated in a bandwidth of 0.1 nm. The Raman gain coefficient and attenuation factor for the lasing and each WDM channel was chosen with the respect to the Raman gain spectrum for fully depolarised pumps and attenuation curve in standard SMF silica fibre shown in Fig. 2, respectively . The values of the Rayleigh backscattering coefficients at µ 1 , µ 2 and the frequencies of the signals channels are assumed to be 1.0 × 10 −4 , 6.5 × 10 −5 and 4.5 × 10 −5 km -1 , respectively. The simulated average power distribution (0.1 km step) of each component for 100 km single channel transmission (no depletion term) at 1555 nm using random DFB laser amplifier is shown in Fig. 2 . The forward and backward pump powers were optimised to give 0 dB net gain at the end of the span. We may notice that the 1455 nm component is dominated by backward propagating lasing (dashed green) that amplifies the signal (solid blue) in C-band region. 
Results and discussion

Single channel transmission
The contour plots of the received OSNR, total signal power variation (SPV) and nonlinear phase shift (NPS) in the links from 10 -120 km are shown in Fig. 4 . In the simulations, a single channel at 1555 nm was set to 0 dBm launch power and the forward pump was altered from 0 up to 4 W (with the exception of very short span lengths from 10 to 30 km). The backward pump was set to fully compensate for the span loss and give 0 dB net gain. The SPV was calculated as the difference between the maximum and the minimum power across the transmission span.
The high forward pump power prevents the signal power from dropping at the beginning of the fibre, therefore the received OSNR will increase as expected [ Fig. 4(a) ], however, most of the signal gain comes from the backward-amplified 1455 nm component [5] , hence not much RIN is transferred from the forward 1366 nm pump to the signal. A 'sweet spot' for the SPV [ Fig. 4(b) ] can be found for the forward pump fixed just below 1.5 W. In the simulated fibre length above 90 km, further forward pump power increase gives negligible improvement in the SPV, while increasing the NPS [Fig. 4(c) ] significantly, therefore a reasonable trade-off must be applied in the real system design. To evaluate the impact of the reflectivity of the FBG at the end of the transmission span, we compare received OSNR and NPS measured at the lowest SPV that gives a reasonable trade-off between the nonlinearity induced degradation due to high forward pumping and accumulated ASE. As we can see from Fig. 4(b) there is a very little improvement in SPV for the forward pump powers above 1.5 W therefore we've chosen best SPV below that level for all distances. This will result in a lower total pump power consumption and more acceptable NPS in the actual data transmission system. Results for FBGs reflectivities of 50%, 70% and 99% are shown in Fig. 5 . The received OSNR [ Fig. 5(a) ] remains the same for all FBGs, however, we may notice an improvement in NPS with the higher FBG's reflectivity [ Fig. 5(b) ]. Increased reflectivity will also result in better pump power efficiency conversion (reducing the random laser threshold and required pump power).
Dense WDM transmission
The effect of power transfer from the pump to the signal is an important consideration when designing real WDM transmission systems. Due to pump depletion, the increased number of WDM channels will require higher pump powers. To simulate the impact of the pump depletion on the received OSNR, NPS, SPV and On-Off gain in dense WDM (DWDM) transmission, we fixed forward pump power to 1 W (a reasonable trade-off between OSNR, SPV and NPS shown in Fig. 4 ) and optimised backward pump for a central channel at 1545 nm to give 0 dB net gain. The number of 25 GHz spaced WDM channels was incremented by 2. The DWDM channel provisioning started in the centre of the C-band at 1545 nm, with subsequent channels being added in pairs either side in the band centre building out towards both ends of the band. The results for the DWDM transmission covering the 1535 -1555 nm band (up to 100 channels) assisted with the random DFB fibre laser amplifier are shown in Fig. 6 .
The variation in OSNR results from different net gain and SPV (a result of attenuation and Raman gain at a given wavelength). Thanks to combined gain provided by the 1366 nm and 1455 nm pumps, the maximum OSNR difference between the best and the worst performing channels is only about 0.5 dB (0.3 dB on average) in the most loaded case of 100 channels transmission. 
Conclusion
The performance of an open-cavity random DFB Raman laser amplification scheme with no grating on the transmitter side for reduced RIN transfer has been numerically studied for DWDM transmission for the first time. Optical signal to noise ratio, nonlinear phase shift, signal power variation, the impact of the reflectivity of FBG and pump depletion have been investigated in standard single-mode fibre from 10 -120 km. The results show the convenience of using high-reflectivity gratings in this kind of amplifying setup to maximise efficiency without negative impact on performance. The use of high forward pump power ratios improves OSNR performance at lengths above 30 km, but optimal signal power variation is optimised for forward pump powers just below 1.5 W, which could result on a more convenient balance between noise and nonlinearities for systems not limited by ASE. The results show the excellent capacity for the DWDM transmission with total gain variation across the simulated band (1535 -1555 nm) of less than 0.2 dB on the average. The system might be further optimised by selecting different wavelength of the FBG that would change the overall gain spectrum [17] or applying different optimisation criteria than implemented in this paper (0 dB net gain for a central channel).
